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Neural crest cells (NCCs) are essential embryonic progenitor cells that are unique to vertebrates and form
a remarkably complex and coordinated system of highly motile cells. Migration of NCCs occurs along
speciﬁc pathways within the embryo in response to both environmental cues and cell–cell interactions
within the neural crest population. Here, we demonstrate a novel role for the putative Sonic hedgehog
(Shh) receptor and cell adhesion regulator, cdon, in zebraﬁsh neural crest migration. cdon is expressed in
developing premigratory NCCs but is downregulated once the cells become migratory. Knockdown of
cdon results in aberrant migration of trunk NCCs: crestin positive cells can emigrate out of the neural tube
but stall shortly after the initiation of migration. Live cell imaging analysis demonstrates reduced di-
rectedness of migration, increased velocity and mispositioned cell protrusions. In addition, transplan-
tation analysis suggests that cdon is required cell-autonomously for directed NCC migration in the trunk.
Interestingly, N-cadherin is mislocalized following cdon knockdown suggesting that the role of cdon in
NCCs is to regulate N-cadherin localization. Our results reveal a novel role for cdon in zebraﬁsh neural
crest migration, and suggest a mechanism by which Cdon is required to localize N-cadherin to the cell
membrane in migratory NCCs for directed migration.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
During embryonic development, neural crest cells (NCCs) are
speciﬁed at the neural-ectodermal boundary or neural plate bor-
der (NPB) by a series of inductive cues and combinatorial tran-
scription factor regulation. Once speciﬁed, NCCs undergo dramatic
changes in cell polarity and adhesion to undergo an epithelial-to-
mesenchymal transition or EMT. They then migrate from the
neural tube utilizing cues from the environment and from within
the NCC population to reach their ﬁnal differentiation point within
the embryo. In zebraﬁsh, NCCs ﬁrst emigrate to a ‘neural crest
staging area’ positioned dorsally in the neural keel/tube (LeB. Artinger).
robiology and Immunology,
rsity of Wisconsin-Superior,Douarin, 1982; Raible and Eisen, 1996; Raible et al., 1992) and then
exit to migrate along two major pathways in the trunk: a dorso-
lateral pathway under the epidermis and a ventromedial pathway
along the anterior somite. The migration path is determined both
by temporal exit from the dorsal neural tube as well as spatial cues
from the environment (Kuriyama and Mayor, 2008). NCC migra-
tion requires the coordination of key cellular processes including
changes in cell–cell adhesion, cell–matrix interactions, polariza-
tion of the cell, and reception and interpretation of various at-
tractive and inhibitory cues (Theveneau and Mayor, 2012). One cell
autonomous mechanism by which NCCs migrate collectively for-
ward is by contact inhibition of locomotion (CIL), which functions
in several ways to promote proper NCC migration (Carmona-
Fontaine et al., 2008, 2011; Theveneau et al., 2013). CIL is the
process whereby cells at the leading edge of each NCC migratory
stream are actively inhibited from moving backwards by the cells
behind them, and cells that transiently contact one another are
inhibited from adhering to one another, in sum allowing a group of
NCCs to move collectively forward. N-cadherin (N-cad; also called
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display CIL in Xenopus (Theveneau et al., 2013). Because N-cad-
herin is required for early development in mammals, the role of
N-cadherin in NCC migration was not speciﬁcally analyzed in
mouse null mutants (Monier-Gavelle and Duband, 1995; Lele et al.,
2002) nor in zebraﬁsh (Lele et al., 2002).
In an effort to determine the molecular mechanisms of NCC
migration, several NCC migratory guidance signals have been
identiﬁed, including Ephrin and Semaphorin signaling as well as
Sdf1(Cxcl12)/Cxcr4 signaling (Davy and Soriano, 2005; Gammill
et al., 2006; Krull et al., 1997; Schwarz et al., 2009a, b; Yu and
Moens, 2005; Belmadani et al., 2005; Olesnicky Killian et al., 2009;
Theveneau et al., 2010). However, the role of Shh signaling in
neural crest migration is less well described although clearly a
major factor in NCC biology. Naturally occurring mutations in
humans and in mice where the Shh signaling pathway is disrupted
result in severe holoprosencephaly (Hayhurst and McConnell,
2003). The loss of the Shh pathway signal transducer Smoothened
speciﬁcally in NCCs (Izzi et al., 2011; Tenzen et al., 2006), or loss of
total Shh signaling in later development results in craniofacial
defects (Eberhart et al., 2006; Wada et al., 2005). In the zebraﬁsh,
knockdown of shh results in delayed formation of trunk NCCs
populating the dorsal root ganglia (Ungos et al., 2003). In vitro
studies support the idea that Shh mediates outgrowth and dis-
persion of NCCs on ﬁbronectin (Testaz et al., 1999, 2001), however,
this interaction is independent of Patched/Smoothened and Gli
transcription, suggesting another unknown Shh receptor or re-
ceptors must be required for this activity.
Cell-adhesion molecule-related/down-regulated by Oncogenes or
cdon acts as a Shh receptor in many developmental contexts. cdon
is a member of the neural cell adhesion molecule (N-CAM) family
and has been identiﬁed as a Shh receptor, acting as a co-receptor
with Patched1 (Izzi et al., 2011; Tenzen et al., 2006; Zhang et al.,
2006), and in myoblast and neuronal differentiation, it binds
N-cadherin and induces p38/MAPK signaling to direct cell differ-
entiation and apoptosis (Lu and Krauss, 2010). Chick Cdon and the
associated receptor BOC (Brother of Cdon) have been found to
localize to long ﬁlopodial protrusions in Shh-responding cells and
act as long-distance receptors that illicit a cell signaling response
(Sanders et al., 2013). Additionally, Cdon human and mouse mu-
tants display a microform holoprosencephaly phenotype, which is
likely the result of deﬁcient Shh signaling (Cole and Krauss, 2003),
although it is not known if there are deﬁciencies in NCC devel-
opment (Bae et al., 2011). Two recent studies suggest that cdon
plays a role as a dependence receptor in NCC survival in the
branchial arches of chick embryos and as a negative regulator of
Shh in zebraﬁsh optic cup development (Cardozo et al., 2014;
Delloye-Bourgeois et al., 2014). Together, these studies suggest
that cdon has multiple roles in development but its speciﬁc role in
trunk NCCs remains unknown.
Here, we demonstrate the role of cdon in zebraﬁsh trunk NCC
migration. cdon is expressed in developing pre-migratory NCCs
and loss of cdon leads to a decrease in ventral migration of trunk
NCCs due to a loss of directed cell movement. cdon functions cell-
autonomously to regulate directed NCC migration through proper
localization of N-cadherin to the cell membrane, and is regulated
by the Shh signaling pathway. Together, these data suggest a novel,
Shh-dependent role for cdon in zebraﬁsh NCC migration.2. Materials and methods
2.1. Zebraﬁsh maintenance and lines
Zebraﬁsh were maintained according to Westerﬁeld’s Zebraﬁsh
Book (Westerﬁeld, 1993). Wildtype (WT) strains include AB, TAB,and EKK lines (ZIRC) and transgenic lines include sox10:eGFP
(Dutton et al., 2008), tg(sox10:memRFP)vu234(Blasky et al., 2014)
and tg(hsp70l:shha-eGFP) (Shen, et al. 2013). Developmental sta-
ging followed previously published standards (Kimmel et al.,
1995). All experiments utilizing zebraﬁsh are approved by UC
Denver IACUC and conform to NIH regulatory standards of care
and treatment.
2.2. In situ hybridization, immunoﬂuorescence and Alcian Blue
staining
Whole-mount RNA in situ hybridization (ISH) was performed
as previously described (Thisse and Thisse, 1998). The cdon DIG
clone for synthesizing the antisense probe was obtained by PCR
from ZIRC clone cb507 using primers forward 5′-GGATCCAT-
TAACCCTCACTAA-3′ and reverse 5′-TAATACGACTCACTATAGGG-3′.
DIG-conjugated antisense probes were synthesized as previously
published for the following genes: foxd3 (Powell et al., 2013), sox10
(Olesnicky et al., 2010), crestin (Rubinstein et al., 2000). Fluor-
escent ISH was performed as previously described (Pineda et al.,
2006) and used the TSA Biotin System (Perkin Elmer NE-
L700A001KT) followed by Streptavidin Alexa Fluor 488 antibody
(Invitrogen S11223) and the Sigma Fast Red kit (Sigma F4648). For
immunoﬂuorescence, embryos were ﬁxed in 4% PFA for 1–2 h at
room temperature, embedded and cryo-sectioned at 12 mm. Im-
munoﬂuorescent staining was performed using MNCD2 antibody
(DSHB) with anti rat IgG secondary, anti-GFP antibody (A2131
Invitrogen) and DAPI (Invitrogen) and imaged via spinning-disk
confocal. Alcian blue staining was performed as previously de-
scribed (Johnson et al., 2011).
2.3. Morpholino and mRNA injections and controls
We designed two morpholinos targeting the start site (ATG)
and exon 2-intron 2 (e2i2) splice boundary of cdon to knockdown
its expression. All morpholino controls were performed and no off
target affects were observed (see below and Supplementary
Figs. 1 and 2) and the ATG morpholino was used in subsequent
experiments. Morpholino oligonucleotides (Gene Tools) were in-
jected at the 1–2 cell stage with rhodamine dextran (Molecular
Probes). Morpholinos include cdon ATG (5′-ATC TCA GGC CAC CGT
CCT CCA TGA C -3′) and cdon E2I2 splice site (5′-ATCA-
GATGTGCTTACCTGCAATGGT-3′) injected at 3–6 ng and 7–14 ng
respectively. Co-injection of cdon ATG MO (6 ng) and p53 MO
(2 ng) 5′-GCG CCA TTG CTT TGC AAG AAT TG-3′ (Gene Tools, LLC;
Robu et al., 2007) was performed. Veriﬁcation of e2i2 mis-splicing
was performed by RT-PCR as follows: mRNA from 5–10 pooled,
24 hpf embryos injected with 7–14 ng cdon E2i2 MO or 10 unin-
jected embryos was isolated using TRIZOL or the RNAeasy Micro
Kit (Qiagen) and reverse transcribed into cDNA using the Super-
script III First-Strand Synthesis System for RT-PCR (Invitrogen).
Primers to amplify the cDNA to observe the splice defects are as
follows: forward (5′-CACTAGATCCCAGTCACCATT-3′) and reverse
(5′-AAATAAGGGCGACACTGCT-3′). In uninjected embryos, the ex-
pected PCR product is about 215 bp. Mis-splicing generates a fu-
sion of e2i2 resulting in a 2.1 kb fragment (Supplementary Fig. 1).
Rescue experiments with cdon mRNA were performed by cloning
full-length cdon into pCS2þ using the following primers: forward:
(5′-GCC GCC ACC ATG GAG GAC GGT GGC CTG A-3′) and reverse:
(5′-GAATTC TCAG ATC TCC TGC ACG GTG GG-3′). mRNA was then
synthesized using the SP6 mMESSAGE mMACHINE kit (Ambion).
2.4. Live-imaging and transplants in transgenic embryos
sox10:eGFP embryos were injected with cdon morpholino as
above and allowed to develop to 19–20 hpf. Embryos were
Fig. 1. cdon is expressed in the NPB and premigratory trunk NCCs. Dorsal view and anterior to the top (A), and lateral views, anterior to the left (B)–(F). ISH of 11, 16, 18, and
24 hpf stage wildtype embryos. (A)–(D) cdon is expressed in the neural plate border (NPB) and dorsal neural tube (arrows). (E) and (F) Lateral view confocal single optical
plane micrograph of double ﬂuorescent ISH of 24 hpf wildtype embryos for crestin (green) and cdon (red). cdon is expressed in premigratory NCCs in the trunk (yellow) but
not in the migratory streams (arrows, E) and widely expressed in cranial region including the brain, eye, and pharyngeal arches (F). 14 μm cryosections of double FISH
embryos suggests that cdon and crestin colocalize in the dorsal neural tube/neural crest staging area in the trunk (G). b, brain; e, eye; NPB, neural plate border; NT, neural
tube; pas, pharyngeal arches.
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and imaged by Zeiss Axio Observer inverted compound micro-
scope using PerkinElmer UltraVIEW VoX Confocal System for 5–
6 h. Images were processed using Volocity Software (PerkinElmer)
using deconvolution and contrast enhancement and assembled in
QuickTime movies. Quantiﬁcation of velocity and displacement
were measured in 40 μm Z-stack tracked using Volocity v6.1.1.
Statistical analysis was done in Excel followed by two-tailed Stu-
dent’s t-test. For mosaic analysis, donor sox10:eGFP embryos were
injected with 2.5% blue dextran (10,000 MW, lysine ﬁxable, In-
vitrogen). At mid-blastula stages, embryos were dechorionated
and approximately 25–50 cells were transplanted from the pre-
sumptive NPB of wildtype or morpholino injected sox10:eGFP
embryos at blastomere stage to the presumptive NPB of sox10:RFP
embryos in penicillin-streptomycin treated embryo media. Em-
bryos were live-imaged at 30 hpf by ﬂuorescent Olympus BX51WI
compound microscope using a QImaging camera, and images were
processed using Adobe Photoshop CC (Adobe Systems Inc).
2.5. Pharmacological treatments and qRT-PCR
At 10 hpf, manually dechorionated embryos were transferredinto embryo media containing 10–50 μM cyclopamine in 100%
EtOH (Sigma and Toronto Research Chemicals) or 10 ml of 100%
EtOH diluted in 10 ml of embryo water as a carrier control and
incubated at 28.5 °C until 24 hpf. After one hour, embryos were
ﬁxed in 4% PFA and processed for ISH. qRT-PCR was performed
as above. Primers for cdon (Dr3429263_m1), patched1/2
(Dr03118687_m1), gli1 (Dr0393669_m1) and internal control gene
eIf1a (Dr3432748_m1) were used in TAQMAN assays on an AB700
Thermocycler (Life Technologies, CA).
2.6. Biological replicates, statistics and quantiﬁcation
All experiments were performed with 3 or more biological
replicates. In addition, qRT-PCR experiments contained at least
3 technical replicates per biological sample. For statistical analysis,
Student’s t-test was used unless otherwise noted. Graphical error
bars denote standard deviation or standard error of the mean as
noted. All distance measurements were made using ImageJ. The
distance between the dorsal edge of the embryo and the most
ventral migrated NCC in each of the ﬁrst 7 somites over the yolk
extension was measured in mm. For ﬂuorescent intensity analysis
Fig. 2. cdon is required for trunk neural crest migration. Lateral views, anterior to the left except (B) and (F) which is a dorsal view with anterior to the left. (A)–(C), (E)–
(G) ISH for neural crest markers sox10 at 18 somites and crestin at 18 and 24 hpf in wildtype and cdon morphant embryos. (A)–(C) In wildtype embryos, NCCs migrate in
streams ventrally from the neural tube, while (E)–(G) cdonmorphant NCCs do not migrate far ventrally and appear to stall after migrating a short distance (distance migrated
at 24 hpf by the most ventral NCC in each of the ﬁrst 7 migratory streams over the yolk extension; wildtype average¼146.9 mm, cdonMO average¼79.7 mm; p¼0.000009). In
addition more NCCs are localized along the dorsal midline, suggesting a migratory defect (compared B to F; sox10: wildtype, n¼40/41 normal migration where NCC streams
migrate ventral to midline in at least 5 out of the ﬁrst 7 streams above the yolk extension(y.e.); cdon MO, n¼33/39 with impaired migration; crestin: wildtype n¼62/64
normal migration, cdon MO, n¼21/25). (D) and (H) Imaging of melanocytes at 48 hpf displays a loss of ventral melanocytes in cdon morphants (average of 6.7 over yolk
extension) compared to wildtype (average 30 over y.e., p¼0.012), suggesting NCCs do not reach ventral positions. (I) and (J) Quantiﬁcation of C, G and D, H.
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the midpoint of the neural tube were selected. Using plot proﬁle in
ImageJ, the midpoint of the cell was determined, and a line drawn
through the center of the cell using the sox10-egfp positive cyto-
plasm to gate the membrane (ie at the edge of the gfp). A line scan
of ﬂuorescence intensity was then drawn (Fig. 6). These scans
were then normalized between 0–1 and a ratio calculated for
membrane/total ﬂuorescence, cytoplasm/total, and membrane/
cytoplasm and display in graphical form in Fig. 6. 14–16 cells were
measured for both wildtype and morphants. For quantiﬁcation of
protrusions in Fig. 3, the angle of each protrusion was measured in
ImageJ over a 4 h live cell imaging experiment using a membrane
tagged sox10:mRFP. MATLAB was then used to bin the protrusion
measurements into rose plots and to determine the statistical
signiﬁcance in the deviation from uniformity for each datatset.3. Results
3.1. cdon is expressed in newly speciﬁed NCCs and during emigration
and the initiation of migration
cdon is a potential cell-adhesion regulator and signaling re-
ceptor that is expressed in the mouse NPB and is downstream of
the NPB speciﬁcer Prdm1a in zebraﬁsh (Mulieri et al., 2000;
Olesnicky et al., 2010). To determine if cdon may be involved in
neural crest development, we analyzed the expression of cdon
during zebraﬁsh development. In situ hybridization shows that
cdon is expressed speciﬁcally in the neural plate border (11 hpf)
and at later stages (16–24 hpf) in the dorsal neural tube as well as
diffusely in the developing somite (Fig. 1A–D). We further ex-
amined if cdon is co-expressed with the NCC marker crestin by
double ﬂuorescent in situ hybridization (FISH). This analysis re-
vealed that cdon mRNA (red) is co-expressed with the neural crest
marker crestin (green) in the pre-migratory NCCs within the dorsal
neural tube of the trunk but not migratory cells (Fig. 1E and F).Cryosections of the trunk region of the double FISH embryos
conﬁrms the colocalization of cdon with crestin in the dorsal
neural tube, in the neural crest migratory staging area (Fig. 1G).
In the head region, cdon is expressed in premigratory NCCs in
the dorsal brain and in the eye but not in crestin-positive mi-
gratory NCCs migrating ventrally into the pharyngeal arches at
24 hpf (Fig. 1D and F, red). However, cdon is expressed in the
pharyngeal arch mesenchyme once the NCCs reach their destina-
tion and populate the arches. These data suggest that cdon is ex-
pressed in premigratory NCCs and at the initiation of migration in
the head and trunk region and, at the mRNA level, is down-
regulated prior to migration away from the trunk neural tube/keel.
3.2. cdon is not required for neural crest speciﬁcation
After determining that cdon is expressed during neural crest
speciﬁcation and prior to NCC migration, we asked if cdon is required
for neural crest speciﬁcation by knockdown of expression with an-
tisense morpholinos. Using a morpholino to the translational start
site (cdon ATG), we observed that morphant embryos had no change
in foxd3 and sox10 expression at 11–13 hpf compared to wildtype
controls (Supplementary Fig. 1), suggesting cdon does not play a role
in NCC speciﬁcation. In a small percentage of embryos (o5%) there is
a slight expansion of the neural plate resulting in a wider appearance
of the neural crest domain; nonetheless cdon morphant embryos
display a normal degree of NCC speciﬁcation.
3.3. cdon is required speciﬁcally for trunk neural crest migration
Interestingly, in the examination of later stage cdon morphants,
we found signiﬁcant defects in neural crest migration. While NCCs
emigrate out of the neural keel, trunk NCC migration is severely
impaired as NCCs appear to exit the dorsal neural tube, but appear
to stall and do not migrate ventrally as wildtype NCCs do (Fig. 2).
At early stages of migration (16–18 hpf), crestin and sox10-ex-
pressing NCCs remain dorsal compared to wildtype (Fig. 2A, E),
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distance migrated in wildtype¼79.4 mm, distance in cdon
MO¼45.4 mm). Additionally, ectopic NCCs are observed clustered
along the dorsal midline of cdon morphant embryos (Fig. 2B, F). At
24 hpf, cdon morphant NCCs have not migrated as far from the
dorsal midline and display a rounded morphology (Fig. 2C, G,
yellow line is the position of the horizontal myoseptum and the
midpoint of ventral NCC migration). Quantiﬁcation of the average
distance that NCCs migrated ventrally was signiﬁcantly less than
wildtype uninjected embryos (Fig. 2I, wildtype¼146.9 mm, cdon
MO¼79.7 mm). While cdon morphant NCCs do stall in the dorsalFig. 3. The directedness of migration and cell protrusions is disrupted following cdon kn
from 19–24 hpf shows failure of directed NCC migration in cdon morphants. A high-re
morphants (insets to the right) displays abnormal cellular morphology and protrusions
wildtype (A′) and morphant embryos (B′) displays a lack of directed migration along the
black and colored dashed lines represent a trace of each individual cell over the time p
anterior–posterior movement and loss of directed migration in cdon morphant NCCs as c
Velocity (D) using Volocity Software (PerkinElmer) suggests increased motility and decr
line distance from the ﬁrst position to the last position with a higher number indicat
displacement index was 58.9728.27 μm and in cdon MO (n¼17) 18.68714.45 μm
0.004670.0015 μm/s whereas cdon MO cells (n¼17) tracked at 0.0093170.0046 μm/s;
over 120 min to determine the direction and number of cellular protrusions. (E) Wildtyp
the number and distribution of the protrusions is signiﬁcantly increased as compared to
p¼0.0138), which gives the cells a more rounded appearance. (G) Rose plots show th
quantify the directionality of the protrusions suggests that the wildtype cells are more d
(length of red line, po0.001) but the overall directionality (position of red line) is signiﬁc
and trending towards signiﬁcance in the cdonmorphant NCCs (p¼0.021). Numbers in G a
protrusions (2, 4, 6) of a given cell.aspect of the embryo, they are still viable, as no changes were
observed with cleaved-caspase 3 staining in the trunk (data not
shown). To assay the ability of NCCs to migrate long distances and
form ventral derivatives we examined pigment cells and cranio-
facial cartilage. In the trunk, we determined that while melano-
cytes are speciﬁed normally in cdon morphants, they do not mi-
grate to populate the ventral trunk as compared to wildtype em-
bryos at 48 hpf (Fig. 2D and H). Quantiﬁcation suggests the
number of melanocytes that populate the yolk extension is sig-
niﬁcantly decreased in cdonmorphants (Fig. 2J; average number of
melanocytes over yolk extension in wildtype¼30, cdon MO¼6.7).ockdown. Live imaging of wildtype (A) and cdon morphant (B) sox10:eGFP embryos
solution image of migrating NCCs (at approximately 22 hpf) in wildtype and cdon
in cdon morphant embryos. (A′) and (B′) Inverse images of migrating tracks in both
anterior–posterior axis in cdon morphant embryos (n¼6 cells for each), cells are in
eriod. (A′′) and (B′′) A plot of traces of same cells in (A′) and (B′) to illustrate the
ompared to wildtype cells. (C) and (D) Quantiﬁcation of Displacement index (C) and
eased directedness in cdon morphant NCCs. Displacement is a measure of straight-
ive more distance between the ﬁrst and last point. For wildtype cells (n¼6) the
; p¼0.01. For velocity measurements, wildtype cells (n¼6) were tracked at
p¼0.001. (E)–(G) Wildtype and cdon morphant NCC imaged in Tg(sox10:memRFP)
e cells have highly directed and stable protrusions (F). In the cdon morphant cells,
wildtype cells (mean7sem¼4.470.81 vs 2.070.25, respectively; unpaired T-test,
e distribution around a circle with 0° dorsal and 180° ventral. A circular T-test to
irectional then the cdon morphant NCCs and signiﬁcantly departs from uniformity
antly different in the wildtype using the Rayleigh test of uniformity (p¼1.21108)
re position around a circle from 0–360 and length of wedge indicates the number of
Fig. 4. cdon is required cell-autonomously for NCC migration. Lateral views of live transplanted embryos, anterior to the left. Both transplanted donor cells sox10:eGFP and
wildtype sox10:RFP host NCCs are visualized in the same embryo. (A)–(C) Presumptive NCCs from cdon morphant sox10:eGFP embryos were transplanted into the pre-
sumptive neural plate border region of 4 hpf wildtype sox10:RFP host embryos and imaged at 30 hpf. Donor cells from cdon morphants (green) were unable to migrate in
wildtype host background (red), suggesting that cdon is required cell autonomously for NCC migration. (B) WT intoWT and (E) WT into cdonMO transplants were performed
as controls (showing only transplanted cells in green). Transplanted donor wildtype NCCs in either a wildtype or cdon MO background migrate normally. The sox10:RFP
expression in these embryos was too weak to visualize in live embryos as shown. (F) Quantiﬁcation of the fraction of cells transplanted as compared to the total number
migrating in all conditions. For the calculations, at least 5 embryos were used for quantiﬁcation: cdon MO into wildtype, 34 trunk NCCs transplanted in 11 embryos, only
5 cells migrated ventrally beyond the dorsal neural tube, indicating that only 16.5% were able to migrate in a wildtype environment as compared to 97% of cdon morphant
cranial NCCs (155 cells transplanted in 13 embryos). For WT into WT transplants, 28 transplanted trunk cells in 6 embryos and 72 cranial cells in 5 embryos migrated
ventrally. For WT into MO, 30 transplanted trunk cells in 6 embryos and 108 cranial cells in 5 embryos. WT, wildtype uninjected embryo; po0.05. (G)–(I) Donor cells from
cdon morphants (green) were able to migrate in wildtype host background (red) in the cranial region, suggesting that cdon is required cell autonomously for trunk NCC
migration but not cranial NCC migration.
D.R. Powell et al. / Developmental Biology 407 (2015) 289–299294In the cranial region, we observed the effects of cdon knockdown
on craniofacial cartilage development and found no change in the
formation and patterning of alcian blue stained cartilages in cdon
morphants (Supplementary Fig. 2 A–I). In addition, at 26 hpf, dlx2a
expression in the pharyngeal arches is also unchanged in cdon
morphants as compared to uninjected controls (Supplementary
Fig. 2 J and K). A small percentage of cdon morphants display some
mild hypoplasia (16%) suggesting a slight developmental delay
(Supplementary Fig. 2B, E, H, and L) and 3% of injected embryos
have a moderate narrowing of the ethmoid plate cartilage (Sup-
plementary Fig. 2 C, F, I, and L). Together, these data suggest that
cdon is dispensable for neural crest speciﬁcation and cranial NCC
migration, but is required for migration of trunk NCCs.
To assure that the cdon morpholino is speciﬁc and the pheno-
types observed were not due to non-speciﬁc cell death or off-
target effects, we performed several control experiments to test
the validity of the morpholinos used. We knocked down the ex-
pression of cdon with an ATG morpholino (as shown thus far) as
well as a second splice-blocking morpholino targeted to the exon
2-intron 2 boundary of cdon, producing similar defects to the ATG
morpholino in NCC migration and formation of ventral melano-
cytes (Supplementary Fig. 3A–D, gel and quantiﬁcation in E–G). In
addition, a standard morpholino control injection was performed
and we observed no phenotype in NCC migration (data not shown)
and co-injection of the cdon ATG morpholino with a morpholino
targeting p53 did not rescue the observed migratory defects(Supplementary Fig. 3H,K, quantiﬁcation in L). Additionally, to
determine if cdon mRNA can rescue the NCC migration phenotype
of the knockdown, we co-injected cdon MO with cdon mRNA and
found a partial but signiﬁcant rescue of the distance of ventrally
migrated NCCs (Supplementary Fig. 4). In sum, these data suggest
that cdon has a speciﬁc role in directed NCC migration.
3.4. Cdon is required to regulate directedness of migration by the
formation of stable and directed protrusions
To observe the behavior of NCCs in the absence of cdon, we
performed live cell imaging in transgenic Tg(sox10:eGFP) embryos
from 19–24 hpf, when trunk NCCs are actively migrating (Fig. 3A,
B; Supplementary Movies 1 and 2). While wildtype NCCs migrate
in a stereotypic manner by migrating ventrally in narrow path-
ways along the somite in a directed fashion, the cdon morphant
NCCs exhibit abnormal morphology and appear to be highly motile
and less directed in getting to their destination (Fig. 3A′ and B′).
Quantiﬁcation of displacement of migratory cells suggests that the
directedness of migration was signiﬁcantly reduced in cdon mor-
phants (Fig. 3C), while the speed of cell migration (velocity in μm/
second) is approximately twice as fast as wildtype NCCs (Fig. 3D).
In addition, several NCCs appear to exit the dorsal neural tube and
delaminate but then stall in the migratory pathway and do not
migrate further ventrally, supporting the idea that cdon is required
for directed NCC migration.
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protrusions in NCCs as they migrate, required for directed NCC
migration (Matthews et al., 2008), we imaged in a membrane
tagged sox10:RFP line, Tg(sox10:memRFP), which allowed us to
visualize cellular protrusions in migrating cells. The number of
cellular protrusions per cell is signiﬁcantly increased in cdon
morphant cells as compared to wildtype cells (mean7-
sem¼4.470.81 vs 2.070.25, respectively; unpaired T-test,
p¼0.0138). Moreover, the directionality of the protrusions was
disrupted. cdon morphant cells extend short rapid protrusions in
multiple directions while wildtype uninjected NCCs create stable
ventrally positioned protrusions (Fig. 3E–F, Supplementary Movies
3 and 4). A circular T-test to quantify the directionality of the
protrusions suggests that the wildtype cells are more directional
then the cdon morphant NCCs and signiﬁcantly departs from
uniformity (Fig. 2E, red line po0.001). Together, these data sug-
gest that cdon is required in premigratory NCCs for directed cell
migration likely by regulating cell polarity and thereby the for-
mation of stable and directed cell protrusions.
3.5. cdon is required cell-autonomously in trunk NCCs
To determine if cdon is required cell- or non-cell autonomously
for NCC migration, we performed mosaic analysis by transplanting
cdon morphant NCCs into a wildtype background. We injected
cdon morpholino into Tg(sox10:eGFP) donor embryos and trans-
planted cells from the presumptive neural crest of donor embryos
into the same region of uninjected tg(sox10:mRFP) host embryos.
We then imaged embryos at 30 hpf, by which time the majority ofFig. 5. cdonmRNA expression is regulated by Shh. cdon expression is slightly but signiﬁ
pamine as compared to control shown by ISH (A)–(D). Overexpression of Shh via heat
shocked at 10 hpf and ISH was performed at 28 hpf for cdon expression. cdon is decrease
heat shock; n¼20 no heat shock). (I) qRT-PCR for cdon and patched 1/2 following Cyclop
inhibition. Positive controls for Shh knockdown include patched1/2, a downstream reado
cyclopamine treatment (p¼0.0039). Gene expression was normalized to EF1a. Unpairedwildtype (RFPþ) host NCCs are within the migratory pathway
(Fig. 4B), while cdon morphant donor NCCs (GFPþ) did not mi-
grate from the dorsal neural tube within the trunk (Fig. 4A, C). As
mosaically transplanted wildtype cells had migrated to varying
distances at the time of imaging, the number of NCCs migrated
ventral to the neural tube was quantiﬁed in wildtype and cdon
morphant transplanted cells (Fig. 4F). cdon morphant cranial NCCs
are able to migrate ventrally, supporting a speciﬁc role of cdon in
trunk NCC migration (Fig. 4G–I). Control experiments transplant-
ing wildtype NCCs (sox10:eGFP donor cells) into either cdon mor-
phant or wildtype hosts resulted in normal migration of donor
cells along the host migratory pathway (Fig. 4D–F), suggesting that
cdon is a cell-autonomous regulator of trunk NCC migration but is
not required within the migratory environment or in cranial NCC
migration.
3.6. cdon is regulated by the canonical Shh pathway
Because cdon is a Shh receptor, we examined the possibility
that cdon functions within the Shh signaling pathway. We found
by qRT-PCR and ISH that cdon expression is slightly but sig-
niﬁcantly increased in the dorsal neural tube following Shh in-
hibition with cyclopamine from 10–24 hpf, suggesting that cdon
may function downstream of Shh signaling (Fig. 5A–D, I). Con-
sistent with this, overexpression of Shh by heat shock induction at
10 hpf using the Tg (hsp70l:shha-eGFP) zebraﬁsh line (Shen et al.,
2013) dramatically reduces cdon expression speciﬁcally within the
dorsal neural tube/neural crest staging area (Fig. 5E–H) suggesting
that Shh may negatively regulate cdon expression. However,cantly upregulated in the dorsal neural tube following Shh inhibition with cyclo-
shock results in loss of cdon expression. tg(hsp70l:shha-eGFP) embryos were heat
d within the dorsal trunk of Shh overexpressing embryos at 28 hpf (E–H; n¼38 for
amine treatment show signiﬁcant upregulation (p¼0.0294) of cdon following Shh
ut of the canonical Shh signaling pathway, which is signiﬁcantly reduced following
two tailed T-tests were performed in Graphpad (Prism).
Fig. 6. N-cadherin is mislocalized in cdon morphant NCCs. Confocal images of cross-sectional immunoﬂuorescent staining (12 μm sections, 1 μm optical sections) of the
neural tube show N-cadherin localized to the cell surface of sox10:GFP-positive NCCs at 24 hpf (DAPI in blue, N-cadherin in red, sox10:GFP in green). (A)–(C) In wildtype
embryos, N-cadherin is localized to the cell membrane leading edge, (D)–(F) while in cdon morphant NCCs, N-cadherin is evenly distributed in the cytoplasm. Insets in
(C) and (F) show higher magniﬁcation of the triple labeled NCCs. (G)–(L) High magniﬁcation (63 ) of a different group of neural crest cells in uninjected (G)–(I) and cdonMO
injected (J)–(L) clearly demonstrating membrane localization in control neural crest cells while cdon knockdown cells have N-cadherin distributed evenly across the cell.
(M)–(O) Fluorescent intensity of N-cadherin expression at the plasma membrane and cytoplasm was measured in ImageJ. Using plot proﬁle, the midpoint of the cell was
determined, and a line drawn through the center of the cell using the sox10-egfp positive cytoplasm to gate the membrane (ie at the edge of the gfp), shown as yellow line in
inset, normalized from 0–1. From the line scan of ﬂuorescence intensity, a line was then drawn down the center of the cell and ratios of membrane to total, cytoplasm to total,
and membrane to cytoplasm were calculated for wildtype and cdon morphant NCCs; *po0.05, **po0.01. (N) and (O) Fluorescent intensity plot proﬁle traces of migrating
NCCs with ImageJ (NIH). In control cells, N-cadherin is expressed on the cell membrane and primarily on the leading edge membrane (n¼13/16) while cdon MO cells show
an even distribution across the cells (n¼7/14) or a graded distribution (n¼7/14) but without correlation to leading verses trailing edges. NT, neural tube; *’s denote
migratory NCCs, along with arrows labeling the leading edge of most ventral migrating cells. Scale bar is 12 μm in L.
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knockdown (Supplementary Fig. 5) suggesting that cdon loss of
function is not sufﬁcient for alteration of canonical Shh signaling
during trunk NCC migration. In addition, consistent with this and
previous studies of cdon function, there is some disorganization of
neural tube cells in cdon knockdown embryos (Cardozo et al.,
2014). These data suggest that cdon is regulated by Shh perhaps to
receive and interpret signals for NCC migration.
3.7. cdon regulates N-cadherin localization in migrating NCCs
Another possible mechanism by which cdon functions to reg-
ulate NCC migration is by interacting with the adhesion protein
N-cadherin (cdh2). To test this, we examined N-cadherin expres-
sion by immunoﬂuorescence following cdon knockdown in Tg
(sox10:eGFP) embryos. In wildtype embryos, N-cadherin localizes
primarily to the cell surface of recently emigrated trunk NCCs,
with expression resolving to the leading edge of the NCC mem-
brane as migration proceeds ventrally along the neural tube
(Fig. 6A–C, G–I, N). In cdon morphants however, N-cadherin ex-
pression is seen both on the membrane and also diffusely
throughout the cytoplasm of both recently emigrated andmigratory NCCs and is no longer primarily localized to the cell
membrane where it likely may act to regulate cell adhesion and/or
protrusions (Fig. 6D–F, J–L, O). Quantiﬁcation of ﬂuorescent in-
tensity of N-cadherin in ImageJ using Plot Proﬁle (Figure N, O)
conﬁrms that N-cadherin expression peaks at the leading edge cell
membrane in migrating NCCs and this concentrated distribution is
lost in cdon morphant NCCs. Proﬁles in cdon morphants were ei-
ther at baseline levels across the cell or similar to that shown in
Fig. 5O, where expression is distributed throughout the cytoplasm.
Total levels of N-cadherin expression were similar in wildtype and
cdon morphant NCCs (data not shown). Ratios of ﬂuorescent in-
tensity of N-cadherin expression at the membrane or in the cy-
toplasm normalized to total intensity were then calculated and
further demonstrate a shift in N-cadherin localization from the
membrane to the cytoplasm in cdonmorphant NCCs (Fig. 5M). This
suggests that Cdon regulates N-cadherin localization in trunk
NCCs, possibly through binding N-cadherin and localizing it to the
cell membrane, and that misregulation of N-cadherin localization
results in misdirected NCC migration. While cdon mRNA is only
expressed in premigratory cells, and quickly downregulated as
cells start to migrate, we predict that the protein expression is
maintained in NCCs throughout their migration. However, these
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the cells leave the neural crest staging area, as polarity and ad-
hesion proteins are relocalized for directed migration.4. Discussion
Here, we demonstrate a novel role for cdon in neural crest
migration. Expression of cdon is initiated in the NPB prior to the
2-somite stage during neural crest speciﬁcation. While it does not
appear to play a role in speciﬁcation, loss of cdon during early
development impairs neural crest migration at later stages as
defects in cdon morphants are not seen until NCCs are beginning
to emigrate from the dorsal neural tube in the trunk. By in situ
hybridization for neural crest markers, we ﬁnd that NCCs are able
to delaminate and begin migrating ventrally; however, they ap-
pear to stall just ventral to the neural tube, while wildtype NCCs
continue migrating in streams to far ventral sites of differentiation.
Indeed, when we analyze the appearance of neural crest deriva-
tives such as melanocytes, this ventral-most population of NCCs
never arrives to its ﬁnal differentiation site on the ventral yolk.
Interestingly, this defect is restricted primarily to trunk NCCs,
suggesting a separate, cdon-independent mechanism for cranial
NCC migration. This is not surprising as the migratory environ-
ment for cranial and trunk NCCs is likely very different and the
mechanisms of directed cell migration appear to diverge in these
two populations in zebraﬁsh (Honjo and Eisen, 2005; Raible and
Eisen, 1994, 1996; Schilling and Kimmel, 1994) as well as other
vertebrates (Carmona-Fontaine et al., 2008; Gammill et al., 2006).
The role of cdon in NCC migration is most apparent when
analyzing cell behaviors in live zebraﬁsh embryos. Here, we see an
increase in cell motility as evidenced by increased velocity and cell
protrusions in cdon morphants. We also observe decreased direc-
ted cell migration by the conventional displacement measure,
which could be due to defects in cell polarity. Together, this sug-
gests that cdon may be playing multiple roles in cell migration,
both by regulating cell motility and by regulating cell polarity that
is necessary for directed migration. There are several potential
cellular mechanisms that are regulated by cdon. One interesting
possibility is that Cdon interacts directly with N-cadherin to reg-
ulate directed migration. In myogenesis, cdon has been shown to
directly bind and ligate N-cadherin, which contributes to muscle
cell differentiation (Gavard et al., 2004; Goichberg and Geiger,
1998; Lu and Krauss, 2010). As regulation of adherens junctions
and cell–cell contact is essential for proper control of NCC EMT and
migration, it is possible that cdon is involved in the regulation of
N-cadherin localization and/or other cadherin proteins. It is ap-
parent in cdon morphant NCCs that N-cadherin is mislocalized
from the cell membrane to the cytoplasm during migration of
trunk NCCs. This mislocalization of N-cadherin alone could be
responsible for the phenotype observed in to cdon knockdown
embryos, as loss of N-cadherin results in a very similar loss of
directed migration phenotype in Xenopus NCCs (Theveneau et al.,
2010). In addition, N-cadherin plays an important role in cell po-
larization as well (for example see Dupin et al., 2009). As the Cdon
protein can bind N-cadherin directly, it is conceivable that Cdon is
required to regulate the localization of N-cadherin and possibly
other cadherin proteins during NCC migration, perhaps by traf-
ﬁcking of cadherins to the cell membrane prior to migration. In
support of this interaction, previous studies have suggested that
N-cadherin and Cdon bind in cis at the plasma membrane of cells
(Kang et al., 2003; Lu and Krauss, 2010), suggesting that Cdon and
N-cadherin may bind at the membrane of premigratory NCCs.
Another possibility is that Cdon is required to bind N-cadherin at
the surface of adjacent neighboring NCCs to mediate cell–cell ad-
hesion or contact-dependent signaling between premigratoryNCCs within the dorsal neural tube. We have shown cdon func-
tions cell autonomously in trunk NCC migration, however our
analysis cannot differentiate which NCCs cdon is required in, the
primary cell or a secondary neighboring migratory NCC. The
misregulation of N-cadherin localization upon loss of cdon could
contribute to premature delamination of NCCs within the dorsal
neural tube, demonstrated by the increased motility and aberrant
migration of NCCs dorsally and the ectopic movement of NCCs
across the midline of the embryo that is observed in cdon mor-
phant embryos. As the NCCs lose their cell–cell contacts and mi-
grate within or dorsal to the neural tube, it is possible that they are
no longer able to properly polarize or communicate with other
NCCs and cells of the migratory environment, preventing the NCCs
from migrating ventrally to their ﬁnal destinations. Finally, the
mislocalization of N-cadherin away from the membrane could
cause a loss of downstream N-cadherin mediated signaling such as
through p38/MAPK. The involvement of such signals during neural
crest migration is still poorly understood and will be the focus of
further investigation. Future experiments are required to addess
the cellular localizaton and dynamics of Cdon protein in vivo to
further elucidate the mechanism by which it regulates NCC
motility.
Another role of cdon is in the Sonic hedgehog (Shh) signaling
pathway. Cdon protein has been shown to bind directly to the Shh
ligand, possibly acting as a co-receptor for Patched1 (Tenzen et al.,
2006; Yao et al., 2006). In limb mesenchymal cells, Cdon localizes
to microdomains within long, ﬁlopodial protrusions, which are
thought to be important in the transport of Shh signaling com-
ponents for long-range signaling events (Sanders et al., 2013).
While the role of Shh signaling in neural crest migration is not
well established in the trunk, it is required in zebraﬁsh cranial NCC
development (Delloye-Bourgeois et al., 2014; Eberhart et al., 2006;
Wada et al., 2005). We observed regulation of cdon expression
following manipulation of the Shh pathway via knockdown with
cyclopamine or heat shock to overexpress Shh. This suggests that
cdon can be regulated by Shh. It is possible then that Cdon is re-
quired to receive and interpret Shh signals during NCC migration
and EMT, but this interaction remains unclear. Interestingly, there
is some evidence that Shh may play a role in the migration of NCCs
and some of their derivatives including cells of the dorsal root
ganglia (Ungos et al., 2003). Furthermore, Shh plays a role in EMT
of some cell types and provides positional cues in cranial and
enteric NCCs (Mo et al., 2001; Ramalho-Santos et al., 2000; Tobin
et al., 2008) as well as mediating migration of NCCs on ﬁbronectin
(Testaz et al., 1999, 2001). Because this activity does not require
Patched or Smoothened, it is possible that the unknown receptor
for this interaction is Cdon.
Cdon is a conserved cell-surface protein which is expressed in
the developing mouse neural folds, NPB, and premigratory NCCs
(Mulieri et al., 2000). Cdon/ mice exhibit microform holopro-
sencephaly consisting of defects in some but not all cranial neural
crest derivatives (Cole and Krauss, 2003), although it is difﬁcult to
determine the speciﬁc effects due to the severity of the holopro-
sencephalic defects (R. Krauss, personal communication). However
trunk NCC formation, migration, and various derivatives were not
speciﬁcally analyzed. Thus, it is possible that cdon has similar roles
in mouse neural crest migration as it does in zebraﬁsh. Recent
evidence suggests that cdon functions as a dependence receptor
for NCC survival in chick branchial arch development (Delloye-
Bourgeois et al., 2014). In our study, we did not observe increased
cell death or signiﬁcant cranial neural crest phenotypes, although
cdon morphants did on occasion display mild hypoplasia of cra-
niofacial cartilages that is likely due to a developmental delay.
Cdon has also recently been implicated as a decoy receptor for Shh
in zebraﬁsh optic vesicle development. cdon negatively regulates
Shh signaling and also functions in a Patched-independent fashion
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2014). This dual function of cdon is interesting as we also believe
that cdon plays multiple roles in NCC development: regulating cell
adhesion and polarity, and signaling perhaps via the Shh pathway.
In this way, cdon serves a multifunctional platform for cell mi-
gration. Additionally, there are several putative binding partners
with Cdon, such as the related protein BOC, which have yet to be
studied in the context of neural crest development. Interestingly,
human CDON has been identiﬁed as a pro-apoptotic tumor sup-
pressor which is downregulated in colon, kidney, lung, and breast
cancer tumor cells of human patients (Delloye-Bourgeois et al.,
2013). In prostate cancer models, Cdon was found to be upregu-
lated and knockdown of Cdon impaired tumor cell invasion and
survival (Hayashi et al., 2011). Mutations in Cdon are also asso-
ciated with human holoprosencephaly, supporting its identiﬁed
role in mouse craniofacial development (Bae et al., 2011). This
suggests that some of the roles of Cdon are conserved across both
zebraﬁsh and mammals and that Cdon may be an important reg-
ulator of NCC development in humans as well. Our studies pre-
sented here demonstrate a novel role for cdon in embryonic neural
crest migration and provide new insight into the mechanism of
regulation of adhesion through N-cadherin in migratory NCCs, as
well as potential insight into other migratory cells including can-
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